The design of cost-effective standards for the quality of nano-objects is currently a key issue toward their massive use for optoelectronic applications. The observation by photoluminescence of narrow excitonic and biexcitonic emission lines in semiconductor nanowires is usually accepted as evidence for high structural quality. Here, we perform time-resolved cathodoluminescence experiments on isolated ZnO nanobelts grown by chemical vapor deposition. We observe narrow emission lines at low temperature, together with a clear biexciton line. Still, drastic alterations in both the CL intensity and lifetime are observed locally along the nano-object. We attribute these to non-radiative recombinations at edge dislocations, closing basal plane stacking faults, inhomogeneously distributed along the NB length. This leads us to the conclusion that the observation of narrow excitonic and biexcitonic emission lines is far from sufficient to grade the quality of a nano-object.
Introduction
For the last ten years, chemically and physically synthesized nanostructures have attracted more and more attention from the scientific community as they represent archetypical building blocks for bottom-up nanotechnology [1] . The demonstration of nanowires' or nanobelts' (NBs) utilization in electronics [2] , photonics [3] or biotechnology [4] has indeed opened a new avenue of research in the whole field of nanotechnology. Furthermore, compared to the traditional top-down approach that requires heavy lithography and deposition techniques, the bottom-up technology should be energy-and cost-effective. However, before mass production of such nanodevices, some standards are needed to grade the quality of the synthesized materials. Although x-ray diffraction and transmission electron microscopy (TEM) provide a very detailed insight into the 4 Author to whom any correspondence should be addressed. material quality, as they can give access to the crystal structure and chemical composition, photoluminescence (PL) has the advantage to be a non-destructive method that requires no sample preparation. It is generally admitted that the quality of semiconductors is demonstrated when the PL spectrum is dominated by the near band-edge emission with excitonic transitions clearly resolved at cryogenic temperatures [5] , the observation of biexcitonic emission being generally considered as one of the most conclusive criteria [6] [7] [8] . In the case of ZnO, the absence at 300 K of any emission band in the green spectral range is also admitted as an additional evidence of high material quality [9] .
Here, we show that the usual PL experiments are not sufficient to ascertain the quality of nanostructures. We demonstrate that the information yielded by this technique might even be misleading, as it is averaged spatially over a few square microns. On the contrary, spatially resolved excitation techniques such as cathodoluminescence (CL) are ideal to assess the local diffusion and recombination mechanisms of charge carriers in nano-objects. We concentrate here on the study by time-integrated (TI-) and time-resolved (TR-) CL of single ZnO nanobelts (NBs) elaborated by chemical vapor deposition. Although the overall high 'optical quality' of the sample is demonstrated by TR-CL through the observation of sharp excitonic and biexcitonic emission lines at 30 K together with the absence of any green emission band at room temperature, NBs present locally high basal stacking fault (BSF) densities. Through the measure of the local recombination lifetimes, we have access to the relative variation of internal quantum efficiency, along the length of the NB, and we show that the edge dislocations closing the BSFs open efficient non-radiative recombination paths for excitons.
Experimental details
The ZnO nanobelts (NBs) studied here have been grown by chemical vapor deposition (figure 1). A mixture of commercial ZnO and graphite powders (weight ratio 1:1) is grounded and loaded into a small alumina boat and then positioned at the center of the alumina tube. The latter is then evacuated to 2 × 10 −2 Torr. The tube furnace is then heated to 1000
• C, and the pressure increased to 200 Torr with the Ar carrier gas flow rate set to 250 sccm (standard cubic centimeters per minute). The synthesis takes 30 min and the ZnO NBs form at temperatures typically comprised between 700 and 800
• C. The NBs are finally collected and dispersed on a ndoped silicon substrate to perform TR-CL on a single nanoobject. Our TR-CL set-up consists of a scanning electron microscope (SEM) with an optically driven pulsed electron gun with 80.7 MHz repetition rate (figure 2) [10] . The pulses are accelerated along the column of the microscope and focused down to a 50 nm spot on the surface of the sample. In the present TI-and TR-CL experiments, the acceleration voltage and the probe current were set to 8 kV and 1 pA, respectively. Using the model of Bonard et al [11] , we estimate to 150 nm the maximum lateral extension of the generation volume in the NB 5 . The CL is then collected by a parabolic mirror and sent to a monochromator and a streak camera for spectral and temporal analyses. Measurements can be carried out between 30 and 300 K and the overall time resolution of the set-up is 10 ps. The micrograph of the ensemble of ZnO NBs shown in figure 1 has been taken with a JEOL 7001 F field effect gun SEM working at 20 kV. Finally, high-resolution TEM has been performed with a JEOL 2200 FS with the acceleration voltage set to 200 kV.
Results and discussion
Figure 3(a) shows CL spectra of a single ZnO NB for temperatures comprised between 30 and 120 K, when excitation is delivered at the extremity of the NB (hereafter called Region (1), see figure 4(a)). The emission at 30 K is dominated by two transitions at 3.362 and 3.371 eV. We observe at 3.381 eV a shoulder on the high-energy side of the 3.371 eV line. The quenching of the emission at 3.371 eV to the benefit of that at 3.381 eV allows us to attribute them to the recombination of donor bound excitons A (D • X A ) and free excitons A (X A ), respectively. The 10 meV energy separation between D
• X A and X A agrees with the experimental values of D
• X A binding energy reported by other groups [13] . Assuming that the electron and hole effective mass are m e = 0.24m 0 and m h = 0.78 m 0 [14] , and that the background dielectric constant is ε b = 6.2 [15] , we obtain a D
• X A binding energy of 9.4 meV [16] , which is also in good agreement with our results. Above 100 K, we also observe a kink in the high-energy side of the X A emission, which we attribute to the thermal activation of exciton B luminescence (X B ). Note that even at 300 K, the near band-edge emission dominates the emission spectrum and we hardly record any signal from the green band centered at 2.3 eV (figure 5). This emission band, observed in bulk as well as in ZnO nano-objects, is commonly attributed to the recombination of donor-acceptor pairs constituted by a deep acceptor and a shallow donor [17] . However, to our knowledge, the origin of the deep acceptor has not been ascertained yet and could depend on the growth conditions [18] . A weaker emission band centered at 3.313 eV at 30 K is also observed and we attribute it to the first LO phonon replica of exciton A. When T is increased, the peak emission energy of this band indeed follows E XA − E LO + 1.5kT , where E XA is the exciton A energy and E LO = 72 meV is the LO phonon energy [19] . Compared to bulk ZnO layers, we note that the X A -LO emission intensity at 120 K with respect to the zero-phonon line is rather strong ( figure 3(a) ). We attribute such a feature to the alteration by the nanobelt geometry of both electron and hole coupling strengths with the phonon, as recently proposed in [20] .
Concerning the 3.362 eV line, its emission intensity quenches faster with temperature than the emission from D
• X A , indicating that this line does not arise from excitons bound to deeper impurities. Such a deeper bound exciton would have indeed exhibited a less efficient thermal detrapping than D
• X A [21] . The time dependences at 30 K of the CL at 3.313, 3.362, 3.371 and 3.381 eV are plotted in figure 6(a) . D
• X A, X A and X A -LO intensities all decay exponentially with the characteristic time τ eff,X = 255 ps, attesting of efficient thermalization between these free and donor bound exciton distributions. The CL at 3.362 eV decays with an effective decay time τ eff,XX = 120 ps, i.e. approximately two times faster than D
• X A and X A PL. As the deeper the localization, the longer the radiative lifetime [22] , we definitely exclude that the 3.362 eV line could arise from any localized exciton state. On the contrary, such a fast decay is typical of biexciton recombination. Within the excitonic molecule model, a biexciton can be seen as two Wannier excitons that execute a correlated motion [23] . The transition dipole involved in the recombination of a biexciton involves only one of the excitons constituting the exciton molecule [24] . The biexciton recombination energy E XX is thus given by E XA − E B,XX , where E B,XX is the biexciton binding energy and where we have neglected biexciton kinetic energy. At thermodynamic equilibrium, exciton and biexciton densities N X and N XX follow the mass action law:
This mass action law between excitons and biexcitons has been derived from that describing the equilibrium between excitons and free electron hole pairs, as described in [25, 26] . Consequently, in a time-resolved experiment, once excitons and biexcitons are thermalized, the evolution with time of their respective emission intensities I X and I XX obey I 2 X (t) ∝ I XX (t) [27] . The time decay curves of the 3.362 eV CL and of the exciton CL squared are plotted in figure 6(b) and clearly attest to the presence of biexcitons in our nano-object. We deduce E B,XX = 19 meV, which is in good agreement with previous reports made on bulk [28] and nanocolumnar ZnO [6] [7] [8] . As pointed out by Yamamoto et al [28] , we note however that the experimental value of E B,XX is quite large compared to the one predicted by the variational method [29] .
So far, we have observed that, at low-temperatures, the ZnO NB mainly exhibits intense and narrow emissions from donor bound and free excitons, and we have also attested the observation of biexcitons (regions (1), (2), (5) and (6) in figure 4(a) ). Still, as shown in figures 4(b) and (c), the NB emission intensity and peak emission energy are not constant along its axis. Compared to the D
• X A emission energy in Region (1), we observe a 10 meV redshift of the NB peak emission energy in Region (3) . Interestingly, such a huge redshift is observed where the NB is slightly bent, indicating some variation in strain state in that region [30] . In parallel, the emission linewidth in Region (3) is increased, and one cannot separate the X A and D
• X A emissions anymore. More importantly, the effective CL decay time is reduced in Region (3) compared to what is observed in Regions (1) and (6) (figure 7), while the CL intensity at zero delay is almost position independent. As the time evolution of the exciton emission intensity is given by
with τ r and τ nr radiative and non-radiative lifetimes, respectively, we conclude that charge carriers suffer from 4(b) ). As a consequence, a PL spectrum obtained on such a NB would have been dominated by the emission from both ends of the NB. The observation of narrow excitonic emission at low temperature and a fortiori the recombination of biexcitons would have then led to the conclusion that the structure is of high quality and that the growth method used here is appropriate for technological application, which is totally incorrect regarding the experimental results displayed in figures 3(b), 4 and 7.
While the TR-CL measurements presented above allowed a conclusion on the non-radiative character of the recombination centers in Regions (3) and (4), we performed TEM on a similar NB to assess their structural origin. As shown in figure 8 , we observe basal plane stacking faults (BSFs) perpendicular to the NB length (c-axis) and closed by edge dislocations. In ZnO, BSFs are radiative and give rise at low temperatures to an emission band centered at 3.31 eV [31] and can be modeled as three monolayers thick type-II QWs of cubic-like ZnO embedded in the hexagonal matrix [32] . Although BSFs are closed either by partial dislocations or prismatic stacking faults that both act as non-radiative recombination centers [33, 34] , intra-BSF localization mechanisms [35] combined with the fact that in bulk material BSFs can extend over several microns, usually allow for the observation of intense emission from BSFs. On the contrary, the typical extension of BSFs in our NBs is a few tens of nm (figure 8), which is much shorter than the exciton diffusion length in ZnO [36] . Thus, in NBs, BSFsexcitons can be trapped efficiently by the non-radiative defects closing the BSFs, before they recombine radiatively. For this reason, we do not detect any CL whose time and temperature dependences could be characteristic of BSF-related emission ( figure 3) . From the considerations above, we propose that the non-radiative recombination centers detected in the vicinity of Region (3) could arise from high local density in BSFs. Moreover, we note that the excitonic bandgap in Regions (1) and (6) is blueshifted compared to that of unstrained ZnO [37] . The presence of bundles of BSFs is therefore consistent with the strain relaxation observed when scanning the NB CL from Regions (1) or (6) to Region (3) ( figure 3(b) ). 
Conclusions
In conclusion, our experiments demonstrate the inefficiency of usual PL techniques to probe the dynamics of charge carriers in ZnO and more generally in semiconductor nanostructures. We emphasize that the observation of narrow excitonic and biexcitonic lines are not satisfactory to assess the quality of a nano-object, when devoted for optoelectronics applications. On the contrary, CL techniques seem more satisfactory as their localized excitation enables the characterization of recombination mechanisms at the nanometer-scale. We believe it is mandatory to couple a TR-CL set-up, which provides a direct mapping of the internal quantum efficiency, with a CL set-up coupled with a scanning TEM, allowing correlation of the optical properties of a nanostructure with the structural ones [38] . More generally, this work is part of the current research on the peculiar emission properties of semiconductor nanostructures compared to thick layers.
While it has been recently shown that the low-temperature emission from ensemble of strain-and defect-free semiconductor nanowires of a diameter typically below 50 nm was intrinsically broad due to surface effects [21, 39] , the present work demonstrates that it is not possible to extend to nanostructures the commonly accepted optical signatures of high quality used for bulk material. We thus strongly recommend not using general terms such as 'optical quality', when grading nanostructures dedicated for optoelectronics.
